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Nitric oxide, enhanced by macrophage-colony stimulating
factor, mediates renal damage in reflux nephropathy
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Children’s Research Centre, Our Lady’s Hospital for Sick Children, Dublin, Ireland
Nitric oxide, enhanced by macrophage-colony stimulating fac- tion [1]. About 30% of patients with VUR have renal
tor, mediates renal damage in reflux nephropathy. scarring, the extent of which is usually related to the
Background. Reflux nephropathy (RN) is a major cause of severity of reflux [2, 3]. Reflux nephropathy (RN) isend-stage renal failure in children and young adults. Nitric
recognized as a major cause of end-stage renal failureoxide (NO) is an important mediator of tissue injury and in-
flammation. NO production is enhanced by hematopoietic in children and young adults [4]. It is primarily a tubulo-
growth factor including macrophage colony stimulating factor interstitial disease [5]. The interstitial tissue in RN is
(M-CSF). M-CSF plays a pivotal role in the development of infiltrated with chronic inflammatory cells, and these are
nephritis via macrophage activation. The aim of this study was
later replaced by fibroblasts and collagen.to investigate the expression of inducible NO synthase (iNOS)
Nitric oxide (NO) plays a role in a variety of communi-and M-CSF in the refluxing kidney, in order to further under-
stand the pathogenesis of RN. cations between cells, including signals for vasodilation,
Methods. The kidney specimens from 6 patients with severe neurotransmission, and inhibition of platelet aggregation
RN and 6 controls were examined by NADPH-diaphorase
[6]. The generation of NO from l-arginine is catalyzedhistochemistry and immunohistochemistry using ABC method
by NO synthase (NOS). Histochemically, the activitywith anti-M-CSF antibody. Double staining using NADPH-
diaphorase histochemistry/M-CSF immunohistochemistry and of NOS and that of nicotinamide adenine dinucleotide
M-CSF/iNOS fluorescence immunohistochemistry also was phosphate-diaphorase (NADPH-d) is identical. Physio-
performed. In situ hybridization was performed using digoxi- logically, small amount of NO are produced for shortgenin labeled M-CSF specific probe. RT-PCR was performed
periods of time by the constitutive, calcium-dependentto evaluate the relative amount of iNOS mRNA expression.
isoforms, namely, the neuronal (nNOS or type I NOS)Apoptosis was determined using the in situ end-labeling tech-
nique. and the endothelial NOS (eNOS or type III NOS).
Results. The most striking difference between tissues from ecNOS is produced by endothelial cells in the kidney
RN patients and controls was the marked increase in NADPH-d
and modulates vascular tone. Inducible isoforms of NOSactivity, iNOS immunoreactivity and mRNA and M-CSF im-
(iNOS or type II NOS) differs from the constitutivemunoreactivity and mRNA expression in the kidneys of RN
patients, particularly in the distal tubules, collecting system. isoforms in that it is calcium-independent, requires de
Apoptotic cells were markedly increased in RN compared to novo protein synthesis, and produces larger amount of
controls. NO for extended periods of time [9]. iNOS is an impor-Conclusions. Our findings suggest that the increase in
tant mediator of tissue injury and inflammation [7, 8].M-CSF–stimulated local production of nitric oxide may be a
major mediator in the development of reflux nephropathy. A dramatic up-regulation of iNOS activity can be elicited
by cytokines and endotoxins, but only after several hours
of exposure [10, 11]. Inducible isoform was first found
Vesicoureteric reflux (VUR) is the most common uro- and characterized in macrophages [12]. Now it is well
logical problem in children and has been reported in 30 known that some cytokines increase the transcription of
to 50% of children who present with urinary tract infec- iNOS in macrophages, vascular smooth muscle, and re-
nal epithelial cells [13].
Macrophage colony stimulating factor (M-CSF) is a
Key words: pyelonephritis, NADPH-diaphorase, inducible nitric oxide hemopoietic growth factor that is a major mediator forsynthesis, end-stage renal failure, renal scarring, tubulointerstitial dis-
ease, chronic inflammation. the survival, proliferation, and differentiation of mono-
nuclear phagocytes [14]. M-CSF not only promotes the
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documented that M-CSF plays a pivotal role in the devel- before. The staining results were evaluated using normal
opment of nephritis via macrophage activation. bright field microscopy.
The aim of this study was to investigate the localization Furthermore, a double fluorescence immunohistochem-
of NADPH-d and M-CSF, and expression of iNOS ical investigation was performed. The specimens were in-
mRNA in the refluxing kidney, in order to further under- cubated with the primary antibodies goat anti-human
stand the pathogenesis of reflux nephropathy. M-CSF (polyclonal, dilution 1:25 in PBS; Santa Cruz
Biotechnology) and rabbit anti-human iNOS (polyclonal,
dilution 1:100 in PBS; Santa Cruz Biotechnology) for 24METHODS
hours at 4C. After three times rinsing in PBS the speci-
Tissue specimens mens were treated with Texas red labeled mouse anti-goat
The kidney specimens from six patients (age range 2 antibody (Molecular Probes, Leiden, The Netherlands;
to 13 years) with severe primary VUR with RN were dilution 1:20 in PBS) for 60 minutes in room tempera-
obtained at the time of nephrectomy. Age-matched con- ture. The specimens were rinsed in PBS and subse-
trol material (age range 1 to 10 years) included six kidney quently mounted with fluorescence mounting medium
specimens taken at autopsy from patients without evi- (Dako Corp. Carpinteria, CA, USA). Negative controls
dence of any urological disease. Autopsy was performed were performed omitting the primary antibodies.
within 12 hours after death. Both refluxing and control The M-CSF-iNOS immunofluorescence staining re-
kidney had been fixed and processed under identical sults were evaluated using an upright laser scanning con-
conditions. focal microscope (Bio-Rad 2000; Bio-Rad, Hamil Ham-
stead, UK). Tissue sections were excited with a krypton/NADPH-diaphorase histochemistry
argon laser with excitation and barrier filters set for indi-
The method used in our current study has been de- vidual fluorophores according to their specific excitation-
scribed by us previously [16]. Briefly, the tissue was fixed emission spectra. The emitted light was detected by a
in zamboni solution for 48 hours at 4C and mounted in photomultiplier tube and converted into a digital pixe-
OCT compound (Miles Inc., Elkhart, IN, USA). Frozen lated image. Structures immunoreactive for FITC la-
sections (8 m) were incubated for one hour at 37C in beled antibodies appear green and for Texas red antibod-
Tris-Cl buffer (pH 8.0) containing 0.3% Triton (BDH ies red. Double immunofluorescence resulted in yellow
Laboratory Supplies, Poole, UK), 1 mg/mL -NADPH color.
(Sigma, Poole, UK), and 0.1 mg/mL nitro blue tetrazo-
lium (NBT; Sigma). In situ hybridization
The method used in this experiment has been de-Immunohistochemistry
scribed previously [17]. Briefly, in situ hybridizationFormalin-fixed paraffin-embedded sections (4 m) of
using M-CSF specific and digoxigenin (DIG) labeled oli-the resected kidney specimens were immersed in a solu-
gonucleotide probe (R&D System, Abingdon, UK). For-tion of 0.3% hydrogen peroxidase in methanol for 20
malin-fixed paraffin-embedded sections (4 m) of theminutes to block endogenous peroxidase. Immunohisto-
resected kidney specimens were incubated for 30 min-chemistry was performed using the standard avidin-bio-
utes at 37C in proteinase K (1 mg/mL) in 50 mmol/Ltin-peroxidase complex (ABC) method and goat anti-
Tris buffer (pH 7.6). The slides were placed in 0.4%human M-CSF polyclonal antibody at 1:50 dilution
paraformaldehyde in 1  PBS for 20 minutes at 4C.(Santa Cruz Biotechnology, Santa Cruz, CA, USA) in
After tissue preparation, the sections were prehybridizedphosphate-buffered saline (PBS) with 10% normal rabbit
with hybridization buffer at 37C for one hour. Then, theserum. The sections were incubated in antiserum at 4C
slides were incubated 18 hours at 37C with hybridizationovernight. Biotin-labeled rabbit anti-goat antibody at
buffer in which M-CSF probe was diluted to 100 ng/mL.1:400 dilution (Dakopatts, Glostrup, Denmark) in PBS
Sections, after development for alkaline phosphatase,for one hour and ABC step (30 min) was performed at
were visualized by nitroblue tetrazolium (NBT) staining.room temperature. Peroxidase was visualized by diami-
Sense probe was used as positive controls confirm thenobenzidine and hydrogen peroxidase.
sensitivity of the in situ hybridization method, and
Double staining RNAse treatment was done to demonstrate the RNA
specificity of the procedure.Frozen sections were treated according to the pre-
scribed method for NADPH-diaphorase histochemistry.
mRNA isolation and RT-PCRSubsequently the specimens were rinsed three times in
Dissected kidney specimens (refluxing kidney N  3,PBS. Indirect enzyme immunohistochemistry with the
control N  4) were immediately snap frozen and keptgoat anti-human M-CSF polyclonal antibody was per-
formed using the standard ABC method as described in deep freezer (70C) until RNA extraction. Total
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RNA was extracted from each renal tissue by using com- counterstained with Methyl Green, dehydrated and
mercially supplied solution, TRIZOL regent (Life Tech- mounted. Negative control was performed omitting the
nologies, Paisley, UK), according to the recommended terminal deoxynucleotidyl transferase (TdT enzyme).
protocol. mRNA was isolated using streptavidin magnet
particles and biotin labeled oligo (dT)20 probe (Boeh-
RESULTSringer Mannheim, Mannheim, Germany).
NADPH-diaphorase histochemistryThe used method of polymerase chain reaction (PCR)
has been described previously by us [18–20]. Briefly, In the cortex of normal kidney, the epithelium of
0.2 g of mRNA was applied to cDNA synthesis ac- both the proximal and distal tubules expressed weak
cording to the recommended protocol (SuperScript Pre- NADPH-d activity. There was no NADPH-d activity in
amplification System for First Strand cDNA Synthesis, Bowman’s capsule (Fig. 1A). In the medulla of normal
Life Technologies) that used random primers and 200 kidney, there was weak staining in Henle’s loops and
units of SuperScript II RNases H reverse transcription weak or no staining in collecting duct. In the cortex of
(RT) in 20 L of reaction volume. Positive controls for refluxing kidney, there was moderate NADPH-d activity
each specimen consisted of the constantly expressed in proximal tubules and strong NADPH-d activity in
housekeeping gene, glyceraldehyde 3-phosphate dehy- distal tubules (Fig. 1B). In the medulla of refluxing kid-
drogenase (G3PDH), which was amplified the primer ney, there was moderate staining in Henle’s loop and
sets resulting in an amplified fragment of 983 base pair weak staining in collecting duct.
(bp) (RT-PCR Amplimer Set; Clontech, Palo Alto, CA,
USA). Negative controls consisted of reaction mixtures M-CSF immunohistochemistry
without RT for each specimen. The sense primer iNOS In the cortex of normal kidney, the epithelium of the
(5-TCC GAG GCA AAC AGC ACA TTC A-3) and proximal and distal tubules expressed no M-CSF immu-
the antisense primer iNOS (5-GGG TTG GGG GTG noreactivity. There was no M-CSF immunoreactivity in
TGG TGA TGT-3) were used, resulting in amplified Bowman’s capsule. In the medulla of normal kidney,
fragment of 462 bp. The PCR mixture (total 50 L) there was no staining in Henle’s loops and collecting
contained 20 pmol of each primer, 200 mol/L of each duct. In the cortex of refluxing kidney, there was weak
deoxyribonucleotide triphosphate, 5 L of 10  PCR M-CSF immunoreactivity in the proximal tubules and
buffer, 2 units of AmpliTaq DNA polymerase (Perkin-
Bowman’s capsule and strong M-CSF immunoreactivity
Elmer, Norwalk, CT, USA) and 2 L of cDNA solution.
in distal tubules, while the medulla of refluxing kidneyPCR for iNOS (94C for 1 min, 58C for 1 min, 72C for
showed moderate staining in collecting ducts.1 min, 38 cycles) and G3PDH (94C for 40 seconds, 60C
for 40 seconds, 72C for 90 seconds, 26 cycles) were NADPH-diaphorase histochemistry/M-CSF
performed in each case. These PCR conditions were immunohistochemistry double staining
preliminary confirmed to be within the exponential
Weak NADPH-diaphorase activity was expressed inphase. The PCR products were electrophoresed on a
the epithelium of the proximal and distal tubules in nor-1.5% agarose gel and stained with ethidium bromide to
mal kidneys. Only scant M-CSF immunoreactive cellsvisualize DNA bands. Semiquantitative analysis of the
were found in the interstitial space in normal kidneysPCR products was similar to the methods as described
(Fig. 2A). Henle’s loops and the collecting ducts showedpreviously [21, 22]. The intensity of each band was ana-
weak NADPH-diaphorase activity and no M-CSF immu-lyzed using GDS 8000 Gel Documentation Systems
noreactivity. Double staining revealed strong NADPH-(UVP Inc., Upland, CA, USA). The images of each band
diaphorase and M-CSF expression in the majority ofwere scanned over UV light at the same condition for
distal tubules in the cortex of refluxing kidney (Fig. 2B).all gels. The study was approved by the Research Council
The collecting ducts in the medulla of refluxing kidneysof our institution.
showed a strong M-CSF immunoreactivity and moderate
Apoptosis NADPH-activity.
Apoptosis was determined using the in situ end-label-
M-CSF/iNOS double fluorescenceing technique. Formalin-fixed paraffin-embedded sec-
immunohistochemistrytions (4 m) of reflux nephropathy and control kidneys
Strong double staining for M-CSF and iNOS waswere investigated using the ApopTag Peroxidase Kit
found in the distal tubules in refluxing kidneys whereas(Intergen, Oxford, UK). The specimens were deparaf-
in normal kidneys only scant cells immunoreactive forfinized and treated according to the prescription with
M-CSF or iNOS were found (Fig. 3B). The collectingthe provided kit components. The peroxidase activity
ducts and Henle’s loops in refluxing nephropathy re-was visualized with diaminobenzidine (DAB) substrate,
yielding a brown reaction product. The specimens were vealed strong double staining for M-CSF/iNOS. In con-
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Fig. 1. NADPH-diaphorase (NADPH-d) histochemistry. (A) Normal kidney shows weak NADPH-d activity in the epithelium of proximal and
distal tubules. (B) Reflux nephropathy (RN) shows strong NADPH-d activity in the epithelium of distal tubules.
Fig. 2. NADPH-diaphorase (NADPH-d) histochemistry/macrophage-colony stimulating factor (M-CSF) immunohistochemistry double staining.
(A) Normal kidney where NADPH-d activity/M-CSF immunoreactivity is absent in the epithelium of proximal and distal tubules. (B) RN kidney
showing weak M-CSF immunoreactivity in the epithelium of proximal and strong M-CSF immunoreactivity colocalized with moderate NADPH-
diaphorase activity in distal tubules.
Fig. 3. Macrophage-colony stimulating factor (M-CSF)/inducible nitric oxide synthase (iNOS) double immunohistochemistry using confocal
microscopy. Positive labeling for M-CSF appears in red color, positive labeling for iNOS appears in green color, and double labeling results in a
yellow color. (A) Normal kidney where there is no expression in the epithelium of any tubules and Bowman’s capsule. (B) RN kidney showing
strong expression of M-CSF/iNOS double immunohistochemistry in distal tubules.
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Fig. 4. Inducible nitric oxide synthase (iNOS) mRNA expression by
reverse transcription-polymerase chain reaction (RT-PCR). Lanes 1 to
3 are expressed from patients with RN and lanes 4 to 7 are from
normal controls. The PCR condition successfully yielded the amplified
fragments of expected size for iNOS and G3PDH in each samples.
Intensity of the bands corresponding to G3PDH mRNA was approxi-
mately similar among the samples. mRNA levels of iNOS are increased
in refluxing kidneys (lanes 1-3) compared to normal kidneys (lanes 4-7).
trast no or weak staining for either iNOS or M-CSF was
found in the medulla of the normal kidney (Fig. 3A).
M-CSF mRNA expression (in situ hybridization)
There was no detectable M-CSF mRNA expression
in the epithelium of any tubules in the normal kidney.
In contrast, strong M-CSF mRNA expression was de-
tected in reflux nephropathy confined to the distal tu-
bules and collecting duct.
iNOS mRNA expression (RT-PCR)
The PCR condition described earlier successfully
yielded the amplified fragments of expected size for
iNOS in each sample (Fig. 4). The identity of PCR prod-
ucts was confirmed by restriction digestion. Intensity of
the bands corresponding to G3PDH mRNA was approx-
imately similar among the samples. This indicated that
the cDNA solutions as used for G3PDH were applicable
to the evaluation of iNOS mRNA expression level in
each specimen. No amplified products were observed in
the gel lanes where reverse transcriptase was omitted
Fig. 5. Apoptosis. (A) Normal kidney shows few apoptotic cells in the
(negative controls), demonstrating the absence of con- epithelium of proximal and distal tubules, whereas the (B) RN kidney
shows an increased number of apoptotic cells in the epithelium of thetaminating DNA. iNOS mRNA expression was mark-
distal tubules and (C) a markedly increased number of apoptotic cellsedly increased in patients with RN (Fig. 4, lanes 1-3) in the epithelium of collecting ducts.
compared to normal kidney specimens (lanes 4-7).
Apoptosis
DISCUSSIONMarkedly increased number of apoptotic cells were
found in the collecting ducts in refluxing kidneys com- Reflux nephropathy is characterized by varying de-
pared to normal controls (Fig. 5). Additionally, the distal grees of interstitial chronic inflammation, fibrosis, tubu-
tubules and Henle’s loop showed increased numbers of lar dilatation and atrophy [23]. The interstitial tissue in
apoptotic cells in reflux nephropathy compared to con- RN is infiltrated with chronic inflammatory cells, induc-
ing both lymphocytes and plasma cells, and these aretrols.
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later replaced by fibroblasts and collagen. Some tubules duced by several intrarenal cell types, including mes-
are enormously dilated, show thinning of the epithelium, angial cells, endothelial cells and fibroblasts, which are
and contain eosinophilic casts. The glomerular changes thought to participate in the pathogenesis of renal injury.
are entirely secondary and may due to ischemia caused Our study further demonstrates the colocalization of
by contraction of periglomerular fibrosis tissue [5]. iNOS and NADPH-diaphorase with M-CSF in refluxing
The initiating event in pyelonephritis is bacterial inoc- kidneys. The colocalization was found particularly in the
ulation of the renal parenchyma, which elicits immune epithelia of distal tubules, Henle’s loop and collecting
and inflammatory responses. Inflammation releases toxic ducts in refluxing kidneys.
enzymes, such as lysozymes, within the granulocyte and Apoptosis is a form of cell death that eliminates com-
into the lumen of renal tubules. At the same time, super- promised or superfluous cells. It is controlled by multiple
oxide is released, which generates oxygen radicals that signaling and effector pathways that mediate active re-
are toxic not only to the bacteria but also to the sur- sponses to external growth, survival or death factors.
rounding tubular cells [24]. Tubular cell death results, Cell cycle checkpoint controls are linked to apoptotic
spreading the inflammatory process into the interstitium, enzyme cascades, and the integrity of these and other
causing even further damage. At the same time, focal links can be genetically compromised in many diseases,
ischemia results from intravascular aggregation of granu- such as cancer. In the present study, apoptotic cells were
locytes and edema [25]. The interstitial damage produced markedly increased in the distal tubules and collecting
by the combined effects of toxic enzymes, oxygen radi- ducts in RN compared to controls. We hypothesize that
cals, and ischemia ultimately leads to renal scarring [26]. the increased level of the cytotoxic iNOS in the distal
The present study demonstrates, to our knowledge for tubules, collecting ducts and Henle’s loop in RN lead to
the first time, the existence of iNOS in RN. Increased a markedly increased number of apoptotic cells at these
iNOS mRNA expression was seen in the kidney of pa- sites.
tients with RN. The use of NADPH-d histochemistry The pathogenesis of RN is not fully clear. We speculate
demonstrated the existence and localization of NOS in that cytokines released during inflammation stimulate
chronic pyelonephritic renal tissue, particularly in the renal tissue to produce M-CSF, which may act as chemo-
proximal and distal tubules. NO is a multipurpose mes- tactic signal for monocyte-macrophages. The activated
senger molecule that is important for blood vessel relax- macrophages and renal tubular epithelium release nu-
ation, neuronal communication, and antimicrobial activi- merous substances, such as nitric oxide, free oxygen radi-
ties. The three distinct NOS isoforms, ncNOS, ecNOS cals, and lysozymes, which induce tissue injury and ulti-
and iNOS, all have been detected in the kidney. iNOS mately leading to renal scarring. It is quite likely that,
was first characterized in macrophages and then in many as in many other chronic inflammatory conditions, NOS
other tissues and cells including renal mesangial cells expression in RN may be mediated by inflammatory
[12]. In response to inflammatory stimuli, iNOS is be- cytokines.
lieved to produce large amount of NO. During inflam-
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